Introduction
Metalloporphyrins, used as biomimetic catalysts, are important prosthetic groups in enzymes, and offer the potential for substrate oxidation. 1 Iron-porphyrins, in particular, have been used as cytochrome P-450 models for oxidative catalysis using a large variety of oxygen donors, such as iodosylbenzene and hydrogen peroxide. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] The introduction of electronwithdrawing substitutes at the meso-positions of Fe-porphyrin complexes affects the catalytic activity of the oxidation reaction for cytotoxin and pollution hazards. 12, 13 The chemical state of Fe ions in Fe-porphyrin complexes with meso-substitutes has been examined using IR, XRD, NMR, EPR, Mössbauer, electron spectroscopy, MD, and DFT calculations. 14, 19 Notwithstanding, it remains unclear how the influence of electron-withdrawal is transmitted to the electron state of the center Fe ion in each Fe-porphyrin complex. Elucidation of the electron structure throughout a Fe-porphyrin complex with meso-substitutes is an important task toward the development of stable and highly active Fe-porphyrin complexes as oxidation catalysts.
X-ray absorption near edge structure (XANES) is an effective probe for acquiring structure and electronic information around a specific atom. The energy shift of each XANES spectrum near C, N, and Fe K absorption edges is reportedly related to an increase or decrease of the electron density of each absorption atom. 20, 23 Such information can be useful for investigating the electronic structure of Fe-porphyrin complexes. Although XANES measurements near the N, and Fe K absorption edges have been performed for many Fe-porphyrin complexes, 22, 26 that of the C K absorption edge has never been done for any Feporphyrin complex: the associated spectral shapes are complicated by a variety of carbon species in the complexes, especially in porphyrins with aromatic substitutes. This paper is intended to report a crosscheck of the XANES spectra near C, N, and Fe K absorption edges for three Feporphyrin complexes with introduced electron-withdrawing substitutes in the meso-positions, which differ in the strength of the electron-withdrawal. The electron structure of each Feporphyrin complex and the influence of electron-withdrawal on the electron state of the center Fe ion are discussed using a combination of crosschecks of XANES spectra and an electron state calculation, such as a discrete variational (DV)-Xα MO method.
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Experimental
Materials
Tetraphenylporphyrin (TPP) (> 99%), tetrakis(pcarboxyphenyl)porphyrin (TCPP) (> 97%), tetrakis(psulfonatophenyl)porphyrin (TSPP) (> 98%), and FeTPP (> 99%) were purchased from Sigma-Aldrich Corp. (MO, USA), Frontier Scientific Corp. (UT, USA), Dojindo Laboratories, Kumamoto, Japan, and Sigma-Aldrich Corp. (MO, USA), respectively. They were used for XANES measurements without any further purification. FeTCPP and FeTSPP were prepared according to Everly et al. 28 (see Fig. 1 ).
Lawrence Berkeley National Laboratory. 29 During the measurements, ALS was operated at 1.9 GeV between 200 and 400 mA. Solid samples were mounted on an indium foil fixed on a glass plate using carbon tape. The C and N K XANES measurements were carried out in the sample chamber at room temperature with a high vacuum (ca. 10 -9 Torr). Data were corrected by the total electron yield with a sample current mode.
The photon energy was calibrated at 400.9 eV of the N Kedge of BN.
Iron K XANES spectra were measured at BL16B2 at SPring-8, Japan Synchrotron Radiation Research Institute, Hyogo, Japan. During measurements, SPring-8 was operated at 8 GeV between 90 and 100 mA. Measurements were carried out in a transmission mode with ion-chamber detectors; one in front of the samples was filled with N2 gas, and another behind the samples was filled with Ar gas. The photon energy was calibrated at 8979.0 eV of the Cu K-edge of Cu foil. All measurements were performed at room temperature.
Calculation
A structural model of TPP was produced from the singlecrystal structure data. 30 The structural models of TCPP, TSPP, FeTPP, FeTCPP, and FeTSPP were optimized using the Amsterdam Density Functional (ADF) program package. 31, 33 Computational details of the DV-Xα method have been described elsewhere. 27 The DV-Xα calculation was performed to six models, (TPP, TCPP, TSPP, FeTPP, FeTCPP, and FeTSPP). The numerical atomic orbitals of 1s, 2s, 2p, 3s, 3p, 3d, 4s, 4p, 4d, 4f, 5s, and 5p for Fe, and 1s, 2s, 2p, 3s, 3p, and 3d for S, and of 1s, 2s, 2p, 3s, and 3p for N, and of 1s, 2s, and 2p for C and O, and of 1s for H were used as basis sets for calculations. The DV-Xα calculations for all models were performed by using numerical integration of 1000 points per atom and the Slater transition-state method. The convergence of self-consistent-field iterations was set to 0.001 electrons. For simulating the XANES spectra of TPP, TCPP, TSPP, FeTPP, FeTCPP, and FeTSPP, the density of the states (DOS) was evaluated using the electron state data of MOs for each model obtained by a DV-Xα calculation. The electron transition probabilities (ETPs) were calculated using the dipole approximation. 34 
Results and Discussion
X-ray absorption spectra near the N K-edge
Nitrogen atoms in TPP, TCPP, and TSPP are in the porphine ring of each porphyrin. The protonation of nitrogen atoms was investigated using N 1s X-ray photoelectron spectroscopy (XPS) and N K XANES. Each spectral shape of XPS and XANES has been related to the number of protonated nitrogen atoms in each porphine ring; the results differed among TPP, TCPP, and TSPP because of the effect of the electronwithdrawing group. 35 The N K XANES spectra of TPP, TCPP, and TSPP coordinated to an Fe(III) ion are shown in Fig. 2 along with those of the corresponding ligands alone. All spectra of FeTPP, FeTCPP, and FeTSPP show two peaks, unlike the peak positions of two peaks of TSPP, which has a resonating porphine ring with four protonated nitrogen atoms. For Feporphyrin complexes, the two peaks are derived from the resonating porphine ring with the four non-protonated nitrogen atoms because of coordination to the Fe(III) ion. Hence, the energy positions and the energy difference between the two peaks for each of FeTPP, FeTCPP, and FeTSPP are different from those for TSPP.
The calculated ETPs (bars) from the N 1s orbital to unoccupied molecular orbitals for the porphine ring in TSPP consists of four protonated N atoms (denoted TSPP-H4), and of four non-protonated N atoms (denoted TSPP-H0); FeTSPP models are shown in Fig. 3 along with the experimental spectrum of FeTSPP. Here, TSPP-H4 and TSPP-H0 signify TSPP with four protonated and non-protonated N atoms of the porphine ring, respectively. The ETPs' positions of TSPP-H0 apparently shift to the lower energy side, as compared to those of TSPP-H4. However, those of FeTSPP are brought between those of TSPP-H0 and TSPP-H4. The shift of the energy position of ETPs is related to the electronic charge of the nitrogen atoms in each porphine ring. The first peak energy positions obtained from the DV-Xα MO calculations for TSPP-H4, TSPP-H0, and FeTSPP are 377.6, 373.5, and 376.4 eV, respectively.
For example, the energy positions of the absorption edges of N K XANES for a series of cyanide compounds shift to the lower side with a decrease of the electron densities of the nitrogen atoms. 21 Hence, the density states of the resonating nitrogen atoms in a porphine ring can be estimated from the edge shift of XANES. Accordingly, the average density of four nitrogen atoms in FeTSPP can be considered to be higher than that of TSPP-H0, but not higher than that of TSPP-H4.
However, the XANES spectra for FeTPP, FeTCPP, and 310 ANALYTICAL SCIENCES MARCH 2005, VOL. 21 FeTSPP have similar spectral features among them, despite the influence of the different p-electron-withdrawing group on meso-substitutes, as shown in Fig. 2 . These spectral features indicate that the average electron density of the coordinating nitrogen atoms in each of three Fe-porphyrin complexes is almost equal among the three complexes. Therefore, the spectral change in N K XANES between the porphyrin ligands and the Fe-porphyrin complexes suggest that the effect of the pelectron-withdrawing group reaches the electron density of Fe(III) ion through the coordinating nitrogen atoms. The electron density of Fe(III) ion will be discussed below.
X-ray absorption spectra near the C K-edge
Carbon atoms in TPP, TCPP, and TSPP are in each porphine ring and in each meso-phenyl group, which are denoted respectively by Cring and Cphe. Figure 4 shows the C K XANES spectra of TPP, TCPP, and TSPP; the corresponding Feporphyrin complexes were measured to examine the effect of the electron-withdrawing meso-substitutes on the Cring and Cphe species and/or the coordinated Fe(III) ion. The solid and broken lines represent the experimental spectra for each Fe(III)-complex and its corresponding ligand. The convex features appearing at ca. 289.4, ca. 290.1, ca. 290.5, and ca. 290.9 eV on each experimental spectrum are labeled A, B, C, and D, respectively. The spectral shapes of FeTPP, FeTCPP, and FeTSPP are close to those of the corresponding porphyrin ligands, but the spectral shapes of three ligands differ among them as a result of the effect of the electron-withdrawing mesosubstitutes. The result of these XANES spectra indicates that the electron states of the Cring and Cphe species in the Feporphyrin complexes are almost identical to those in the corresponding porphyrin ligands, respectively.
To understand the electron states of Cring and Cphe species, the partial density of states (PDOS) for the 2p orbital of the Cring and Cphe species for TPP, TCPP, and TSPP models are calculated using the DV-Xα MO method, and shown in Fig. 5 , with the experimental data of the corresponding ligands. The solid, broken, bold solid, and dotted lines represent the PDOS of Cphe 2p, Cring 2p, Cphe 2p + Cring 2p, and the experimental data, respectively. Two shapes-A and C in the experimental spectra of TPP-are assigned to Cring 2p and Cphe 2p species, respectively, shape B in TCPP consists of both Cring 2p and Cphe 2p species, and three shapes-A, C, and D in TSPP-are assigned to Cphe 2p at lower energy side, Cring 2p, and Cphe 2p at higher energy side, respectively. The strength of the p-electronwithdrawing groups in meso-phenyl substitutes can be based on the extent of the electric negativity or polarization of the functional groups. In this work, it increased in the order -H < -COOH < -SO3H. Accordingly, the energy positions of peaks corresponding to Cring 2p and Cphe 2p species increased in the order TPP < TCPP < TSPP and decreased in the order and TPP > TCPP > TSPP (at the lower energy side). Table 1 presents a summary of the C 2p PDOS peak positions of Cring and Cphe obtained from the DV-Xα MO calculations for TPP, TCPP, and TSPP. Those results support the trends of the peak shifts for the Cring 2p and Cphe 2p species. Further, two separated peaks on the PDOS curve of Cphe 2p for TSPP are caused by two electron states of carbon atoms in the phenyl group because of the strong electron-withdrawal of -SO3H. In other words, the carbon atoms proximal to -SO3H groups in meso-phenyl substitutes (denoted Cphe-prox, see in Fig. 6 ) have a higher electron density than the carbon atoms distal to the -SO3H group in meso-phenyl substitutes (denoted Cphe-dist). Accordingly, peaks A and D in the XANES spectrum of TSPP in Fig. 5C are assigned to Cphe-prox and Cphe-dist, respectively.
Actually, the energy position of the K absorption edge of carbon in XANES shifts to a lower side along with an increase of the electron densities of the carbon atoms. 20 This fact implies that the stronger are the p-electron-withdrawals on the mesophenyl substitutes, the more are electrons in porphyrins attracted from the center of the porphyrins to the p-electronwithdrawals. However, the inner atoms inclusive of the four nitrogen atoms in the porphine ring are little involved in such an 311 ANALYTICAL SCIENCES MARCH 2005, VOL. 21 action in the case of metalloporphyrins, judging from the results described above. That lack of involvement is considered to explain the proximity of the spectral shapes of XANES for FeTPP, FeTCPP, and FeTSPP to those of the corresponding porphyrin ligands.
X-ray absorption spectra near the Fe K-edge
The electron state of the Fe(III) ion in each Fe-porphyrin complex can be predicted from the above discussion. It is relative only to the nitrogen atoms that received the electronwithdrawing effect. The Fe K XANES spectra of FeTPP, FeTCPP, and FeTSPP were measured to examine the relation between the N K XANES spectral shapes and the electron states of Fe(III) ions. Those spectra are shown in Fig. 7 . The peaks in the pre-edge region appear in the order of FeTPP < FeTCPP < FeTSPP with increasing energy (see the inset in Fig. 7 ). The energy shift of the pre-edge peak is related to the oxidation number of Fe. 36, 43 Accordingly, the oxidation number of the Fe(III) ion can be estimated to increase in the order FeTPP < FeTCPP < FeTSPP. That order concurs with the order of the electron-withdrawing strength of the substitutes, -H < -COOH < -SO3H, indicating that the electron-withdrawing effect reaches the center Fe ion via the pyrrole groups and the phenyl groups in each Fe-porphyrin complex. In other words, the nitrogen atoms coordinating to the Fe(III) ion in any Fe(III)-porphyrin complex tend to be in the same electron state through management of the charge of the Fe(III) ion.
Effect of electron-withdrawing groups on electron structure of Fe-porphyrins
Fe(III)-porphyrin complexes affect the catalysis of several oxidation reactions. Stated precisely, the activity of the Fe(III)-porphyrin complexes is dependent on the effective charge of the Fe(III) ion. In this study on the effect of the p-electronwithdrawing groups on the meso-phenyl substitutes in FeTPP,
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ANALYTICAL SCIENCES MARCH 2005, VOL. 21 FeTCPP, and FeTSPP using XANES for multi-elements, the pelectron-withdrawing groups, which are far from the center Fe(III) ion, affected the spectral shapes of the Fe K XANES spectra. Although neither C nor N K XANES spectra are different in spectral shape among FeTPP, FeTCPP, and FeTSPP, they suggest that the electron structure of the porphine ring and four phenyl groups brings about transmission of the strength of electron-withdrawal to the center Fe(III) ion; the porphine ring and phenyl groups play a role like an electric wire. Consequently, the correlation between the chemical behaviors and electron states of Fe(III)-porphyrin complexes should be considered not only in terms of the electron state of the center Fe(III) ion, but also concerning the electron structure of the entire molecule. Crosschecks of XANES for multielement absorption-edges are inferred to be a useful investigative method for the electron structure of an entire Fe(III)-porphyrin complex.
Conclusion
This study examined the electron structures of FeTPP, FeTCPP, and FeTSPP using crosschecks of XANES data for C, N, and Fe K absorption edges in combination with DV-Xα MO calculations.
The results indicated that a p-electronwithdrawing group on the phenyl group in an Fe(III)-porphyrin complex engenders a unique electron state for the Fe(III)-porphyrin complex because of the electron-withdrawal strength, itself. That unique state affects the positive charge of the Fe(III) ion in the center of the complex.
Crosschecks of XANES data for multi-element absorption edges are important not only for metalloporphyrin complexes, but also for other numerous metal complexes, especially those with a layer structure or chain structure, because they are closely related to intermolecular interaction of electrons. This method is applicable to the design and development of new metal complexes with a useful function by obtaining detailed information about the electronic structure along with an electron state calculation method, such as the DV-Xα MO method. An experimental setup of simultaneous measurements of XANES, which we are currently constructing for the laboratory users, will facilitate such studies.
